Hair cells are sensory receptors for the auditory and vestibular system in vertebrates. The transcription factor Atoh1 is both necessary and sufficient for the differentiation of hair cells, and is strongly upregulated during hair-cell regeneration in nonmammalian vertebrates. To identify genes involved in hair cell development and function, we performed RNA-seq profiling of purified Atoh1-expressing hair cells from the neonatal mouse cochlea. We identified Ͼ600 enriched transcripts in cochlear hair cells, of which 90% have not been previously shown to be expressed in hair cells. We identified 233 of these hair cell genes as candidates to be directly regulated by Atoh1 based on the presence of Atoh1 binding sites in their regulatory regions and by analyzing Atoh1 ChIP-seq datasets from the cerebellum and small intestine. We confirmed 10 of these genes as being direct Atoh1 targets in the cochlea by ChIP-PCR. The identification of candidate Atoh1 target genes is a first step in identifying gene regulatory networks for hair-cell development and may inform future studies on the potential role of Atoh1 in mammalian hair cell regeneration.
Introduction
Atoh1 is the first transcription factor to be expressed in hair cells, and is essential for hair-cell development. Previous studies of Atoh1 mutant mice have revealed multiple functions of Atoh1 in the genesis, survival, maturation, and function of hair cells (Bermingham et al., 1999; Chen et al., 2002; Woods et al., 2004; Pan et al., 2012; Yang et al., 2012b; Cai et al., 2013) . Overexpression of Atoh1 in immature rodent inner ears can induce ectopic hair cells in both sensory and nonsensory regions of the cochlea (Zheng and Gao, 2000; Woods et al., 2004) , suggesting the sufficiency of Atoh1 for hair-cell formation in parts of the inner ear. However, the ability of Atoh1 to induce new hair cells in the cochlea declines precipitously with age (Liu et al., 2012; Yang et al., 2012a) , although the reasons for this decline are currently not known.
Although Atoh1 is both necessary and sufficient for hair-cell development, the precise molecular mechanism by which Atoh1 mediates hair-cell genesis is unknown. A very small number of Atoh1 targets have been identified by expression profiling of tissues or cell lines (Krizhanovsky et al., 2006; Scheffer et al., 2007a,b) . Genome-wide studies have also identified Atoh1 targets in the nervous system and intestine (Klisch et al., 2011; Kim et al., 2014) . A previous study combined Atoh1 ChIP-seq (to identify Atoh1 binding sites) together with histone-seq (to identify global H3K4 methylation status), and RNA-seq (to compare expression profiles of wild-type and Atoh1-null cerebella; Klisch et al., 2011) . The resultant Atoh1 "targetome" suggests that Atoh1 regulates the expression of genes responsible for diverse biological processes, including cell proliferation, differentiation, migration, and metabolism. This study also pinpointed an extended E-box-containing sequence termed AtEAM as a consensus binding site for Atoh1 (Klisch et al., 2011) . A second strategy combining the cerebellar Atoh1 targetome with microarray data from the dorsal spinal cord identified several additional Atoh1 targets specific for dorsal spinal cord interneurons (Lai et al., 2011) .
The small number of hair cells in the cochlea has militated against identification of Atoh1 target genes in hair cells by ChIP-seq. However, the success of Atoh1 target identification in the dorsal spinal cord suggests a strategy of hair cell RNA-seq combined with ChIP-seq data from other tissues may allow the identification of some Atoh1 targets in hair cells. We used RNA-sequencing to identify transcripts in Atoh1-expressing cells from the neonatal mouse cochlea and found 614 genes enriched over tenfold in Atoh1-expressing cells. We performed an in situ hybridization screen to validate the expression of 60 of these enriched genes, of which 34 showed specific hair cell expression. We searched for the Atoh1-binding sites in 10 of the validated genes and verified direct Atoh1 binding in these gene loci by ChIP-PCR. These Atoh1 targets may be useful tools in the assembly of a hair cell gene regulatory network and may allow us to understand why the ability of Atoh1 to induce hair-cell transdifferentiation declines with age.
Materials and Methods

Experimental animals. Atoh1
Ϫ/Ϫ (MGI: Atoh1 tm1Hzo ), Atoh1
A1GFP/A1GFP
(MGI: Atoh1 tm4.1Hzo ), and Atoh1 flox/flox (MGI: Atoh1 tm3Hzo ) mice were generated as previously described (Ben-Arie et al., 1997; Shroyer et al., 2007; Rose et al., 2009 ). Atoh1-CreER T2 (MGI: Tg(Atoh1-cre/ Esr1*)14Fsh; (Machold and Fishell, 2005) and R26R-YFP (MGI: Gt(ROSA)26Sor tm1(EYFP)Cos ; (Srinivas et al., 2001 ) transgenic lines were obtained from Jackson Laboratories. Genotyping was performed by PCR using the following primers: for different Atoh1 alleles, Atoh1-forward (ACG CAC TTC ATC ACT GGC), Atoh1-reverse (GGC ACT GGC TTC TCT TGG), and Neo-forward (GCA TCG CCT TCT ATC GCC) yield a 600 bp wild-type allele band and a 400 bp null allele band. HA-forward (GCG ATG ATG GCA CAG AAG G) and HA-reverse (GAA GGG CAT TTG GTT GTC TCA G) yield a 1 kb Atoh1 EGFP-tagged allele band and a 350 bp floxed allele band. For Atoh1-CreER T2 , Cre1F (GCC TGC ATT ACC GGT CGA TGC AAC GA),and Cre1R (GTG GCA GAT GGC GCG GCA ACA CCA TT) yield a 700 bp band. For R26R-YFP, oIMR0316 (GGA GCG GGA GAA ATG GAT ATG), oIMR0883 (AAA GTC GCT CTG AGT TGT TAT), and oIMR4982 (AAG ACC GCG AAG AGT TTG TC) yield a 320 bp YFPϩ band. To generate the inducible Atoh1 conditional knock-out (CKO) mice, Atoh1-CreER T2 ; Atoh1 Ϯ males were crossed with Atoh1 flox/flox ; R26R-YFP homozygous females. One dose of 2 mg tamoxifen and 2 mg progesterone was administered to pregnant females at embryonic day (E)17.5 by oral gavage. Progesterone was coadministered to prevent late fetal abortions (Nakamura et al., 2006) . Tamoxifen and progesterone were dissolved together in peanut oil, both at a concentration of 20 mg/ml. The genotypes of embryos or newborn pups from these crosses were determined as above. The Baylor College of Medicine Institutional Animal Care and Use committee approved all animal experiments.
Hair-cell purification. Whole inner ears were dissected from homozygous P0 Atoh1 A1GFP/A1GFP mice and incubated in Ca 2ϩ , Mg 2ϩ -free (CMF) PBS. The cochleae were isolated and the spiral ganglia and Reissner's membrane removed to expose the organ of Corti. Isolated cochleae were washed with CMF-PBS and then incubated in 0.1% Trypsin-EDTA (Sigma-Aldrich) diluted in CMF-PBS for 10 min at 37°C. The trypsin solution was removed and the tissue rinsed in DMEM with 5% fetal calf serum (FCS). The tissue was then gently triturated with a 1000 l pipette tip in CMF-PBS containing 5% FCS for ϳ100 times to generate a singlecell suspension. Hair cells were purified on a BD FACSAria cell-sorting flow cytometer using a 100 m nozzle and 488 nm excitation. Gates were set each time using small number of cells from the same sample to identify the viable cells and GFP fluorescence. GFP ϩ and GFP Ϫ cells were individually collected in CMF-PBS with 5% FCS. Sorted cells were spun down at 1000 ϫ g for 10 min at 4°C. The supernatant was carefully removed and pellets were suspended in cell lysis buffer from an RNeasy Plus Micro kit (Qiagen) and stored at Ϫ80°C for future RNA extraction.
qPCR. Total RNA was extracted from fluorescence-activated cell sorting (FACS)-purified cells using an RNeasy Plus Micro kit (Qiagen). cDNA was generated using Superscript III Reverse Transcriptase (Invitrogen). Quantitative PCR (qPCR) was performed with Master SYBR Green Kit (Applied Biosystems) on a Step One Plus real-time PCR system (Applied Biosystems). Each reaction was performed in triplicate. Relative quantification of gene expression was analyzed by the ⌬⌬C T method (Livak and Schmittgen, 2001) using the ribosomal gene L19 as an internal control. Gene-specific primer sets used for qPCR were as follows:
Atoh1-F (ATG CAC GGG CTG AAC CA) and Atoh1-R (TCG TTG TTG  AAG GAC GGG ATA); L19-F (GGT CTG GTT GGA TCC CAA TG), and  L19-R (CCC GGG AAT GGA CAG TCA) .
RNA-sequencing. RNA-seq libraries of FACS purified cells were generated as previously described (Lott et al., 2011) . Total RNA was extracted from FACS-purified cells (ϳ100,000 cells for each library) using an RNeasy Plus Micro kit (Qiagen). mRNA purification, RNA fragmentation, first strand and second strand cDNA synthesis, adaptor ligation, and PCR amplification were performed using the Illumina mRNA-Seq Sample Prep Kit. SPRI beads (Ampure XP, Beckman) were used in each purification step after RNA fragmentation for size selection. Duplicate libraries were made for GFP ϩ cells and GFP Ϫ cells. All libraries were analyzed for quality and concentration using an Agilent Bioanalyzer. A sample from each library was also cloned into the TOPO-Blunt vector. Ten clones were randomly picked and sequenced to verify that ribosomal RNA was depleted from the libraries. Sequencing was performed at the Genomic and RNA Profiling Core in Baylor College of Medicine using Illumina HiSeq2000 100bp Paired-End Platform. Fastq files of pairedend reads and BigWig files have been deposited in the NCBI GEO database, Accession No. GSE65633.
RNA-seq data analysis. RNA-seq reads were mapped to the mouse reference genome (mm9) using TopHat (Trapnell et al., 2009) . Read counts per gene were obtained by counting the number of reads, which overlap the exons of genes defined by RefGene (NCBI). Read counts were normalized to a library size and differentially expressed genes were identified by performing a negative binomial test using the DESeq package (Anders and Huber, 2010) . P values were adjusted using the Benjamini and Hochberg (1995) multiple testing procedure. Genes with adjusted p values Ͻ1 ϫ 10 Ϫ10 were marked as significant. Prediction of Atoh1 binding sites. To predict Atoh1 binding sites, the MACS package was used to select the top 5000 Atoh1 binding sites from ChIP-Seq data obtained from the neonatal cerebellum (Klisch et al., 2011) . MEME-ChIP (Machanick and Bailey, 2011 ) was used to analyze the flanking sequences of the top 5000 sites, from which 87 motifs were selected that were present Ͼ10 times in these 5000 sites. Conserved promoter or enhancer regions within 5 kb of the transcriptional start site of each gene were identified from the UCSC browser conservation track and these regions were searched for the 87 Atoh1 binding motifs.
RNA probe synthesis. Primer sets for each candidate gene were selected to target a 500 -700 bp DNA fragment in a single exon of each gene for screen. A T7 RNA polymerase sequence (5Ј-GGATCCTAATACG ACTCACTATAGGGAG-3Ј) was added to the 5Ј end of each reverse primer. Mouse genomic DNA was used as the template for PCR. The PCR product of the correct size was purified with a PCR Purification Kit (Qiagen). Purified DNA was used as the template for RNA probe synthesis with T7 polymerase (Promega) using standard protocols (Stern, 1998) .
In situ hybridization. Heads of neonatal mouse pups were fixed in 4% paraformaldehyde in PBS overnight at 4°C, cryoprotected in 30% sucrose in PBS at 4°C, embedded in OCT compound (Sakura Finetek), and cryosectioned at 14 m. The in situ hybridization procedure was modified from previous protocols (Harland, 1991; Birren et al., 1993; Groves et al., 1995) . Sections were fixed in 4% paraformaldehyde in PBS, pH 7.2, for 10 min at room temperature, followed by three 5 min washes in DEPC-treated PBS. The sections were treated with 1 g/ml proteinase K in DEPC-PBS for 5 min at room temperature, followed by three 5 min washes in DEPC-PBS and refixation in 4% paraformaldehyde in PBS, pH 7.2, for 10 min at room temperature. Sections were acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min at room temperature, followed by three 5 min washes in DEPC-PBS. Slides were incubated in hybridization buffer (50% Formamide, 5ϫ SSC, 50 g/ml Yeast tRNA, 100 g/ml heparin, 1ϫ Denhardt's Solution, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA) for 1-2 h at 65°C. One-hundred microliters of digoxygenin-labeled probe (1 mg/ml) was added to each slide and the slides covered with glass coverslips. The slides were incubated in a chamber humidified with 5ϫ SSC, 50% formamide at 65°C overnight. Coverslips were removed by rinsing in 0.2ϫ SSC and the slides washed in 0.2ϫ SSC at 65°C for 1 h. The slides were then washed in 0.2ϫ SSC for 5 min at room temperature, followed by another 5 min wash in 0.1% Tween 20 in PBS (PTw). The slides were blocked in 10% lamb serum in PTw at room temperature for 1 h and then stained with antidigoxygenin-alkaline phosphatase antibody (1:2000) for 1-3 h at room temperature in a humidified chamber. The slides were then washed three times for 5 min each in PTw and equilibrated with freshly made alkaline phosphatase buffer (100 mM Tris, pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween 20) for 10 min. The slides were developed in alkaline phosphatase buffer containing 0.33 mg/ml NBT and 0.18 mg/ml BCIP in the dark at room temperature until the purple reaction product had developed to a satisfactory degree. The reaction was stopped by washing the slides in PBS three times for 15 min each, followed by fixation in 4% paraformaldehyde in PBS, pH 7.2, for 30 min. The slides were then rinsed and mounted in 80% glycerol in PBS.
Chromatin immunoprecipitation. Cochleae were dissected from P0 Atoh1 A1GFP/GFP pups and stored in DMEM with 5% FBS. Cochleae were incubated with 500 M thermolysin in DMEM for 30 -45 min at 37°C and washed in DMEM with 5% FBS. The sensory epithelium from each cochlea was dissected out and pooled together in PBS. Eight sensory epithelia were collected for each sample and centrifuged at 470 ϫ g for 10 min at 4°C. The pooled sensory epithelia were cross-linked with 500 l PBS containing 13.5 l of 36.5% formaldehyde solution for 20 min; the sample was vortexed every 5 min during the incubation. The fixation was then quenched with 57 l of 1.25 M glycine for 5 min. The cross-linked tissue was centrifuged at 470 ϫ g for 10 min at 4°C with soft deceleration. The supernatant was then removed, and the pellet was washed with 500 l of ice-cold PBS three times. The PBS was removed without disturbing the pellet and the sample snap frozen in liquid nitrogen, and stored at Ϫ80°C.
Chromatin immunoprecipitation was performed using the "microChIP" protocol of Dahl and Collas (2009) with some modification. Cross-linked sensory epithelia in the tube were lysed in 120 l lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS with fresh 1% protease inhibitor and 1 mM PMSF), and incubate for 5 min on ice. The sample was sonicated using a Bioruptor (Diagenode) programmed for 30 s on, 30 s off, for 15 cycles, with vortexing after every five cycles. Four-hundred microliters of RIPA ChIP buffer (10 mM Tris-HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.1% Nadeoxycholate, 1% protease inhibitor and 1 mM PMSF) was added to the tube. The sample was then mixed and centrifuged at 12,000 ϫ g for 10 min at 4°C. Supernatant (450 l) was collected into a new tube and the pellet re-extracted with another 400 l of RIPA ChIP buffer. To precipitate Atoh1
GFP -bound DNA, 10 l of blocking magnetic beads and 10 l of anti-GFP magnetic beads (Chromotek, GFP-Trap-M) were washed twice with dilution buffer (1.0 M Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA). The ChIP sample solution (400 l) was added to 400 l dilution buffer containing the blocking magnetic beads. The sample mixture was then incubated for 30 min at 4°C. After incubation, the tube was placed on a magnetic rack, the beads were captured, and the solution was extracted and mixed with anti-GFP magnetic beads. This mixture was vortexed and incubated for 2 h at 4°C with moderate shaking. The beadcontaining solution was placed on the ice-cold magnetic rack to capture the beads and the beads then washed three times with 1 ml ice-cold RIPA buffer at 4°C with moderate shaking for 10 min each. After the final wash, 1 ml TE buffer was added to the beads and incubated for 10 min at 4°C with moderate shaking. After removal of TE, 100 l of a 10% solution of Chelex-100 beads was added and the sample vortexed for 10 s and boiled for 10 min. One microliter of 25 mg/ml proteinase K was added to the sample, vortexed, and incubated for 40 min at 56°C, with vortexing every 10 min followed by boiling again for 10 min. The sample was cooled to room temperature, centrifuged for 10 s and the supernatant transferred to a chilled clean tube. The sample was then stored at Ϫ20°C for up to 1 week or used directly for ChIP-PCR with appropriate primers. As a negative control, GFP ChIP was performed as above from a wild-type mouse.
Results
RNA-seq analysis identifies transcripts enriched in Atoh1-expressing hair cells We used FACS on cells isolated from Atoh1
A1GFP/A1GFP knock-in mice (Rose et al., 2009 ) to purify differentiating hair cells that express Atoh1 (Fig. 1A ). Cochleae were dissected from newborn (P0) Atoh1 A1GFP/A1GFP mice, dissociated into single cells, and GFP ϩ and GFP Ϫ cells were isolated by FACS sorting based on the intensity of GFP fluorescence (Fig. 1B) . At P0 we saw no observable apical-basal differences in GFP intensity in the intact cochleae of Atoh1 A1GFP/A1GFP mice (Cai et al., 2013) . To confirm Atoh1-GFP expression, both sorted populations were fixed and GFP fluorescence was examined under a microscope. In the 
GFP
ϩ population, ϳ 90% expressed levels of GFP that were detectable by eye and by costaining with antibodies to Myosin6. No GFP ϩ cells were detected in the GFP Ϫ population (Fig. 1C) . To further examine Atoh1 expression level in the sorted cell populations, we extracted total RNA from both GFP ϩ and GFP Ϫ populations and performed quantitative reverse-transcriptase PCR to measure the relative mRNA level of Atoh1. Atoh1 transcripts were highly enriched in the GFP ϩ population by almost 180-fold (Fig. 1D) .
To identify genes that are enriched in differentiating hair cells, we compared the transcripts in GFP ϩ and GFP Ϫ cells from P0 Atoh1 A1GFP/A1GFP mice using RNA-sequencing. We obtained between 98,000,000 and 189,000,000 reads for each sample, with 83-85% of the paired reads mapping correctly to the reference genome. Two biological replicates of each population showed high reproducibility (r ϭ 0.98 for the GFP ϩ populations and 0.96 for the GFP Ϫ populations). By comparing the transcripts between GFP ϩ and GFP Ϫ populations, we identified 614 transcripts that have over tenfold enrichment in the GFP ϩ cell population ( p Ͻ 1.0E-30). We also identified 329 transcripts that were downregulated over tenfold in the GFP ϩ population (data not shown). Of the 614 upregulated genes, 57 have been previously identified as hair cell-specific genes (Table 1) , 82 have been identified in adult inner or outer hair cells , and 74 have also been identified as candidate hair cell genes based on the behavior of chick homologues of these genes during utricle regeneration (Ku et al., 2014) . Finally, we also identified 22 enriched transcripts in the GFP ϩ population that are known deafness genes (Cabp2, Cib2, Cldn14, Dfnb59, Gipc3, Gxcr1, Gxcr2, Ildr1, Lhfpl5, Msrb3, Myo3a, Myo6, Myo7a, Pdzd7, Pou4f3, Ptprq, Smpx, Tmc1, Tmie, Ush1 g, Ush2a) .
Genes enriched in Atoh1-expressing hair cells are involved in biological processes associated with sensory organ and neuronal development
To analyze the function of the genes enriched in Atoh1-expressing cells, we made use of the gene ontology (GO) database DAVID (Huang et al., 2009a,b) . We focused on 313 genes that were enriched by at least tenfold and showed transcript levels at Ͼ3000 RPKM. GO analysis suggests several of these genes are involved in biological process associated with sensory organ development (Table 2 ; 24 genes, p ϭ 2.11E-10), as well as molecular functions that are known to be critical for hair cell development, such as cytoskeletal protein binding (20 genes, p ϭ 2.68E-04), channel activity (17 genes, p ϭ 0.001439), and motor activity (11 genes, p ϭ 0.001123). It is known that sensory hair cells share some properties with neurons, such as synapse formation, synaptic vesicle release, and the regulation of membrane potential. Accordingly, we identified a number of genes associated with neuron differentiation in Atoh1-expressing cells (30 genes, p ϭ 4.92E-11) and genes known to be synapse components (23 genes, p ϭ 2.05E-06).
In situ validation of genes enriched in Atoh1-expressing cochlear cells
We performed an in situ hybridization screen in the P0 mouse cochlea to validate the expression of the genes enriched in Atoh1-expressing cochlear cells. We focused on the 313 genes that showed high ranks in both expression and fold-change in our RNA-seq result (expression level Ͼ3000 RPKM, fold-change Ͼ10). We chose an expression of RPKMϾ3000 as an arbitrary filter based on our empirical correlation of RPKM values with a positive signal by in situ hybridization. We designed RNA probes for 60 genes from this list, and performed in situ hybridization on sections of neonatal mouse cochlea to validate their expression. Surprisingly, only 34 of 60 genes showed specific expression in cochlear hair cells (Table 3; Fig. 2 A, B) . Although the remaining 26 genes were expressed in hair cells, we observed additional sites of expression such as supporting cells, Kölliker's organ, or the outer sulcus. Some of the validated hair-cell-specific genes were previously shown to be expressed in the inner ear hair cells or associated with hair-cell development and hearing-defect phenotypes, such as Lhx3 (Hertzano et al., 2007; Rajab et al., 2008) , Lhfpl5 (Kalay et al., 2006) , and Srrm4 (Nakano et al., 2012) . However, many of the genes in our screen have never been studied in the inner ear before (Table 3 ; Fig. 2B ). These include the phospholipid binding protein Annexin A4, the transcription factor and tumor suppressor Castor (Casz1; Charpentier et al., 2013) , RBM24, an RNA-binding protein implicated in Notch-Delta signaling (Maragh et al., 2014) , the Notch receptor modifying enzyme Mfng, and the lysosome regulatory gene melanoregulin (Mreg). Some genes associated with cytoskeletal binding and motor activity are specifically expressed in cochlear hair cells, such as Eps8l2, Kif21b, and Pacsin1 (Table 3 ; Fig. 2 A, B) . Several ion channels also show a hair-cell-restricted expression pattern, such as Chrna9, Chrna10, Kcnh6, and Scn11a (Table 3 ; Fig. 2 A, B) . Because Atoh1 is expressed in all differentiating hair cells in both the auditory and vestibular end organs, we also checked the expression of our validated genes in the vestibular organs. All the genes we found to be specifically expressed in cochlear hair cells also show expression in vestibular hair cells at neonatal stages (Table 3 ; Fig. 2C ).
Atoh1 expression initiates in the basal region of the cochlea at E13.5 and spreads along the cochlear duct to the apex Cai et al., 2013) . However, by the day of birth, Atoh1 expression is beginning to be downregulated in the hair cells in the basal turn of the cochlea, and this downregulation continues for several days along the length of the cochlea to the apex . Many of the genes in our screen also show a gradient of expression in hair cells along the apical-basal axis of the cochlear duct (Table 3 ; Fig. 3 ). Some genes are expressed more strongly in apical hair cells than in the basal ones at P0 in a similar gradient to Atoh1, such as Srrm4 and Scn11a (Fig. 3) . These genes are likely to be regulated by Atoh1 (although they may not necessarily be direct targets) and like Atoh1 are downregulated as hair cells mature. In contrast, some genes, such as Chrna10 and Mreg, showed an opposite gradient, with higher expression in basal hair cells compared with apical hair cells (Fig. 3) . It is likely that these genes reflect the ongoing basal-apical wave of differentiation of hair cells and represent markers of maturing hair cells. Alternatively, it is possible that some of the genes showing differential apical-basal expression maintain this differential expression as the cochlea matures and might, for example, be involved in regulating tonotopic differences in hair cells along the cochlear duct.
Identification of Atoh1 direct target genes in neonatal cochlear hair cells
Although Atoh1 is both necessary and sufficient for hair cell development, little is known about the molecular function of Atoh1 in hair cells and very few genes have been identified as direct targets of Atoh1 in hair cells. To select potential Atoh1 targets, we cross-referenced our validated hair-cell-specific genes from the P0 cochlea with Atoh1 ChIP-seq datasets from mouse cerebellum and intestine (Klisch et al., 2011; Kim et al., 2014). We found that genes for 233 of 313 hair-cell-enriched transcripts contain Atoh1 binding regions within 10 kb of the transcriptional start site in either cerebellar or intestinal ChIP-seq experiments, or have AtEAM binding sites within 5 kb of their transcriptional start site (Klisch et al., 2011) . We designed specific primers for the binding locus of nine candidate genes (Anxa4, Chrna10, Mgat5b, Mreg, Pcp4, Rasd2, Rbm24, Scn11a, and Srrm4 ) , as well as Atoh1, as it is known to regulate its own expression by binding to an autoregulatory enhancer (Helms et al., 2000; Groves et al., 2013; Jarman and Groves, 2013) . We isolated sensory epithelia of P0 Atoh1 A1GFP/A1GFP cochleae and performed chromatin immunoprecipitation with camelid nanobodies against the Atoh1-GFP fusion protein. By PCR amplification of the immunoprecipitated DNA, we verified all 10 genes to contain upstream or downstream elements that are directly bound by Atoh1 in the neonatal cochlear sensory epithelium. We also analyzed two genes, Fgf18 and Cntn1 that have been shown to be direct targets of Atoh1 in the cerebellum (Klisch et al., 2011) , but which are not expressed at significant levels in cochlear hair cells. Neither gene region gave a positive result in our ChIP-PCR experiments (Fig. 4) . The nine newly identified Atoh1 direct targets include genes that have been previously reported to be essential for cochlear development, (Fig. 4) .
We have previously shown that Atoh1 protein is quite unstable in cochlear hair cells, as conditional deletion of Atoh1 using the Cre-Lox system leads to hair cell death 12 h after the onset of Cre-mediated recombination (Cai et al., 2013) . We tested to what Uchl1, Jag2, Atoh1, Mcoln3, Lhx3, Pou4f3, Rtn4rl2, Gfi1, Nefl, Kndc1, Ush2a, Cdh23, Tomt, Myo6, Fscn2, Kif5c, Celsr3, Dll1, Gpr98, Sall3, Bbs1, Lhfpl5, 6530402F18Rik, 2610109H07Rik, Chrnb2, Ngfr, Slitrk6, Wnt7a, Grk1 Sensory organ development 24 Tomt, Myo6, Fscn2, Cryab, Myo7a, Tmie, Jag2, Dll1, Pax2, Prph2, Prox1, Gpr98, Ptprq, Lhfpl5, Atoh1, Pvrl1, Chrna9, Mcoln3, Pou4f3, Gfi1, Chrna10, Ush2a, Cdh23 , Grk1 Molecular function Calcium ion binding 32 Spock2, Clstn3, Jag2, Cacnb2, Dlk2, Cdh1, Calb2, Necab2, Mmp24, Syp, Pvalb, Pcp4, Pls1, Cib2, S100a1, Cdh23, Dtna, Tesc, Hpcal1, Celsr3, Dll1, Actn3, Anxa4, Gas6, S100a13, Gpr98, Pkd2l1, Chga, Umodl1, Cadps2, Dll4, Calm1 Cytoskeletal protein binding 20 Obscn, Myo6, Baiap2l2, Fscn2, Myo3a, Myo7a, Myo3b, Lmo7, Actn3, Rph3a, Gpr98, Pacsin1, Fhod3, Myo16, Pls1, AI428936, Lmod1, Eps8l2, Ush2a, Tmod1 Channel activity 17 Scn1b, Cacnb2, Pkd2l1, Kcnmb2, Kcna10, Accn4, Chrna9, Mcoln3, P2rx3, Kcnh6, Kcnf1, Scn11a, Chrnb2, Kcnh2, Chrna1, Chrna10, Chrng Motor activity 11 Myo6, Kif27, Myo3a, Myo7a, Myo3b, Kif5c, Myo16, Kif19a, Dynlrb2, Kif21b, Dnaic2 Cell component Cell junction 24 Gpr156, Ica1, Cldn9, Dlgap3, Rimbp2, Ctnnd2, Lmo7, Cdh1, Rims2, Rph3a, Calb2, Syp, Cbln1, Pvrl1, Cadps2, Pcp4, Snph, Chrnb2, Ssx2ip, Tjp3, Chrna1, Chrna10, Chrng, Dtna Synapse 23 Gpr156, Rab3b, Ica1, Cplx1, Myo6, Dlgap3, Clstn3, Myo7a, Rimbp2, Rims2, Rph3a, Syp, Cbln1, Chrna9, Cadps2, Snph, Chrnb2, Chrna1, Chrna10, Nefm, Chrng, Cdh23, Dtna Gene ontology analysis of the 313 genes whose transcripts showed high ranks in both expression and fold-change in our RNA-seq result (expression level Ͼ3000 RPKM, fold-change Ͼ10). A representative number of GO categories and terms are shown with Ͼ10 genes per category. Summary of genes whose specific expression in hair cells was validated by in situ hybridization. Gene name, expression level (RPKM), and fold-change over GFPϪ cells are indicated, together with expression pattern in the cochlea or vestibular system. If a transcript showed a gradient of expression in the cochlea, this is indicated. The table also lists whether each gene was identified as an Atoh1 target by ChIP-seq in either the cerebellum (Klisch et al., 2011) or small intestine (Kim et al., 2014) , as well as whether the gene was shown to be a direct target of Atoh1 in the cochlea by ChIP-PCR (Fig. 5) . Finally, the expression of direct Atoh1 target genes was measured in vivo 24 h after deletion of Atoh1 (Fig. 5) . HC, Hair cell; IHC, inner hair cell; ND, not determined. extent our verified Atoh1 target genes were sensitive to the loss of Atoh1 by conditionally deleting Atoh1 from hair cells at E17.5 as previously described (Cai et al., 2013 ; R26R-YFP) animals. We collected embryos 24 h later, and examined the expression of seven verified Atoh1 target genes, as well as Atoh1 itself as a positive control. Four genes (Anxa4, Rasd2, Rbm24, and Srrm4) were rapidly and completely downregulated in hair cells 24 h after deletion of Atoh1 (Fig. 5) . However, three other genes (Mgat5b, Mreg, and Pcp4 ) continued to be expressed in Atoh1 CKO hair cells after 24 h at levels that were indistinguishable from their control counterparts. This persistence may simply reflect the stability of mRNA transcripts for these genes, or may indicate that these genes require Atoh1 for their initiation but not maintenance, due to the action of other transcription factors that can maintain transcription even after Atoh1 is downregulated.
Although Atoh1 is necessary and to some degree sufficient for hair cell development in the inner ear, its function is transient as it is downregulated shortly after birth . However, some of the genes we have verified to be direct targets of Atoh1, such as Chrna10, continue to be expressed in mature outer hair cells after Atoh1 ceases to be expressed (Elgoyhen et al., 2001) , and were expressed strongly in basal regions of the cochlea even as Atoh1 itself was being downregulated (Fig. 3) . It is likely that Atoh1 participates in the assembly of transcriptional complexes at these loci, which remain active after Atoh1 expression ceases. For example, the Pou4f3 gene, which is expressed in hair cells throughout life (Erkman et al., 1996; Xiang et al., 1998) , has 5Ј regulatory regions that are directly bound and regulated by Atoh1 (Masuda et al., 2011) but these regions also contain sites for other transcription factors such as Etv4, N-Myc, and Ets2 (Ikeda et al., 2015) . It is possible that at least three of our verified Atoh1 targets, Mgat5b, Mreg, and Pcp4 may be regulated in this way, as they continued to be expressed in the hair cells of Atoh1 CKO mice (Fig. 3) . Alternatively, it is also possible that the transcripts for these genes are quite stable and remain detectable in hair cells at least 24 h after loss of Atoh1 protein.
Discussion
We present one of the first RNA-seq studies to characterize purified cell populations from the mammalian cochlea. We were able to obtain high quality RNA-seq libraries from 100,000 purified Atoh1-GFP Ϯ ; Atoh1-CreER T2 males to generate mice that carried the CreER T2 allele, one copy of the R26R-YFP Cre reporter and either an Atoh1 flox/ϩ (50%) or Atoh1 flox/Ϫ (50%) allele. Use of the R26R-YFP Cre reporter provides a readout of the leakiness, speed, and efficiency of the system. B, Pregnant dams received one pulse of tamoxifen/progesterone (TMX) at E17.5, followed by kill 24 h later. C, Four of seven genes tested (Anxa4, Rasd2, Rbm24, and Srrm4 ) showed rapid downregulation of transcripts 24 h after tamoxifen administration. However, three other genes (Mgat5b, Mreg, and Pcp4 ) were still expressed 24 h after tamoxifen administration. Brackets mark the outer hair cell region; arrowhead marks the inner hair cell region.
other studies such as the recently described SHIELD database (shield.hms.harvard.edu) suggest that RNA-seq analysis of purified cell populations can be successfully accomplished with small numbers of inner ear hair cells; for example, we have recently been able to obtain RNA-seq data of similar quality from as few as 10,000 cells purified from the cochlea using standard RNA-seq library preparation reagents (M. L. Basch and A. K. Groves, unpublished observations).
We found 614 transcripts to be significantly enriched in hair cells, and of these at least 10% have been reported previously to be specifically expressed in hair cells. From our initial list of 614 genes, we selected 313 genes that were enriched Ͼ10-fold in Atoh1 ϩ cells, and which gave expression values of Ͼ3000 RPKM. Strikingly, when we analyzed 60 genes from this list by in situ hybridization, only ϳ50% (34 genes) showed exclusive and specific expression in hair cells. We note that one of our criteria for selecting genes for validation was the fold-change between Atoh1-GFP ϩ hair cells and all other cell types in the ear. As such, it follows that a high degree of transcript enrichment in hair cells does not preclude that the transcript in question is present in other cell types in the ear; simply, that it is expressed at lower levels. This emphasizes that validation of RNA-seq data by analysis of mRNA in situ expression is a crucial step in the identification and confirmation of truly cell-type specific transcripts, even in cell populations enriched to Ͼ90% purity.
Our transcriptomic analysis was performed on hair cells purified from the newborn mouse cochlea. At this age, almost all hair cells have differentiated in the organ of Corti, although they continue to mature over the next 14 d until the onset of hearing at ϳ2 weeks of age. This maturation is reflected in many ways, for example, the elaboration of the stereociliary hair bundle (Frolenkov et al., 2004) , the acquisition of functional mechanotransduction apparatus (Lelli et al., 2009) , mature ion currents, and the divergence in morphology and function of inner and outer hair cells (Belyantseva et al., 2000) . Some genes are specifically expressed in either inner or outer hair cells from an early age, for example, Fgf8 is restricted to inner hair cells shortly after the onset of Atoh1 expression (Jacques et al., 2007) , and we observed Kif21b expression exclusively in inner hair cells at P1 (Fig. 2B) . However, other genes, such as Chrna9, begin to be expressed in all cochlear hair cells before becoming restricted to outer hair cells (Elgoyhen et al., 1994; Liu et al., 2014;  Fig. 2A ), which may reflect radial (neural-abneural) gradients of differentiation signals. It will be of great interest to determine the transcriptional regulators that establish hair-cell-specific patterns of gene expression, either in development or during hair cell maturation.
At present, very little is known about changes in gene expression that accompany and regulate the maturation of hair cells. Our data suggest that at least some components of mature hair cells are already expressed in neonatal hair cells. First, gene ontology analysis of significantly enriched hair cell genes in our study identified cohorts of genes involved in motor activity, channel activity and calcium binding, synapse formation and function, in addition to genes associated with neural or sensory organ development (Table 2 ). Second, we were able to detect transcripts for some previously characterized components of the hair bundle (Shin et al., 2013) , such as Apba1, Calb2, Eps8l2, Fscn2, Hspa4l, Myo3b , and Stard10 in addition to the unconventional myosins Myo6 and Myo7a that are expressed early in differentiating hair cells. Third, we compared our data to a recent study that used Affymetrix microarrays to identify the transcriptomes of 2000 individually isolated inner and outer hair cells from 25-to 30-d-old mice . Comparison of these transcriptomes to our neonatal hair cell data suggest that Ͼ80 genes expressed in neonatal hair cells continue to be expressed in mature inner or outer hair cells. Finally, we were also able to identify transcripts for 22 genes identified in syndromic or nonsyndromic forms of deafness.
The challenge and utility of identifying Atoh1 targets in hair cells
Atoh1 plays a central role in the differentiation and survival of hair cells (Jarman and Groves, 2013) , and has been proposed as a candidate for gene therapy to restore hair cells lost through injury or aging (Baker et al., 2009; Husseman and Raphael, 2009 ). Discovering the direct transcriptional targets of Atoh1 is key to understanding its function and possible reasons for its reduced efficacy in promoting hair-cell formation in the aging ear (Kelly et al., 2012; Liu et al., 2012) . However, genome-wide analysis of Atoh1 binding sites in hair cells by techniques, such as ChIP-seq, is confounded by the relatively small numbers of hair cells per cochlea and the fact that hair cells represent a small fraction of the total cell types in the cochlear duct. In contrast, it has been possible to obtain ChIP-seq data from Atoh1-expressing cerebellar granule cells (Klisch et al., 2011) and intestinal secretory cells (Kim et al., 2014) . In an attempt to identify new Atoh1 targets in hair cells, we interrogated the transcriptome of cochlear hair cells obtained by RNA-sequencing to identify loci that are strongly and specifically expressed in Atoh1 ϩ hair cells and which have enhancers containing Atoh1 consensus binding sites (AtEAMs; Klisch et al., 2011), or which have been shown to be occupied by Atoh1 in the cerebellum or gut by ChIP-seq. This approach allowed us to identify 233 candidate Atoh1 target genes, of which 68 were common to our hair cell transcriptome and to ChIP-seq analyses from the cerebellum and gut. We verified 10 genes, including Atoh1 itself, as strong candidates to be direct targets of Atoh1. Previous studies have also identified several other direct targets of Atoh1 in hair cells, such as Pou4f3 (Masuda et al., 2011; Ikeda et al., 2015) , Selm, Rassf4, and Rab15 (Lai et al., 2011) .
Atoh1 can regulate a large and diverse array of genes in different cell types with functions including transcriptional control, cell-cycle regulation, cell migration, metabolic control, and even housekeeping functions (Klisch et al., 2011; Lai et al., 2011) . These processes are not common to all Atoh1-expressing cells, for example, cerebellar granule neuron precursors are both migratory and proliferative, whereas hair cells are not. Clearly then, the cellular context in which Atoh1 functions will determine its selection of targets. Although Atoh1 is expressed in all inner ear hair cells, it is not known whether Atoh1 has distinct targets or overlapping targets in different types of hair cell, for example, auditory versus vestibular hair cells, inner hair cells versus outer hair cells, or type I versus type II vestibular hair cells, or instead simply regulates common, generic aspects of hair-cell development. All 10 of our validated Atoh1 targets showed comparable expression in inner and outer hair cells, and were also expressed in vestibular hair cells (Table 3) ; although the expression of many more validated Atoh1 targets will need to be tested to determine whether this trend is maintained. It is also possible that Atoh1 establishes a generic pattern of hair-cell gene expression, with later transcription factors modulating these targets in a haircell-specific manner after Atoh1 expression is downregulated.
Progress in identifying direct targets of Atoh1 may shed light on the function of this gene in regeneration as well as normal hair-cell differentiation. Ectopic expression of Atoh1 in the inner ear, either in vivo or in vitro, can lead to the formation of ectopic hair cells (Zheng and Gao, 2000; Izumikawa et al., 2005; Gubbels et al., 2008; Kelly et al., 2012; Liu et al., 2012) . Moreover, Atoh1 is rapidly upregulated in supporting cells of nonmammalian vertebrates as a consequence of hair cell loss (Cafaro et al., 2007; Ma et al., 2008; Ma and Raible, 2009; Lewis et al., 2012) . However, recent studies in mice suggest that the ability of inner ear cells to transdifferentiate into hair cells in the presence of ectopic Atoh1 declines with age (Kelly et al., 2012; Liu et al., 2012) . There are a number of possible explanations for this decline, for example, the presence or absence of post-translational modifications of Atoh1 itself (Mulvaney and Dabdoub, 2012) , an agedependent upregulation of inhibitors of Atoh1, such as Id HLH factors, or an age-dependent decline in transcription factors or cofactors that cooperate with Atoh1 to activate hair cell genes (Ikeda et al., 2015) . Finally, it is possible that direct epigenetic modification of Atoh1 target genes renders them unavailable for transcription, even in the presence of exogenously expressed Atoh1 . Our identification of direct Atoh1 targets in hair cells in the present study may allow the testing of these hypotheses.
Notes
Supplemental material for this article is available at https://www.bcm. edu/research/labs/andrew-groves/publications. Seven data tables and a legend document describe qPCR and PCR primers, a list of all 614 hair cell-enriched genes, 233 candidate Atoh1 target genes, and comparisons of our hair cell-enriched genes with known deafness genes, genes identified in adult hair cells and genes identified in chick utricle hair cells, and expression levels of 19218 transcripts in Atoh1-GFP ϩ hair cells at P1. This material has not been peer reviewed.
